Northern Illinois University

Huskie Commons
Graduate Research Theses & Dissertations

Graduate Research & Artistry

2017

The effect of silicon dioxide and titanium dioxide nanoparticles on
the thermal decomposition characteristics of molten salts at
elevated temperatures
Shalini Pogula

Follow this and additional works at: https://huskiecommons.lib.niu.edu/allgraduate-thesesdissertations

Recommended Citation
Pogula, Shalini, "The effect of silicon dioxide and titanium dioxide nanoparticles on the thermal
decomposition characteristics of molten salts at elevated temperatures" (2017). Graduate Research
Theses & Dissertations. 5557.
https://huskiecommons.lib.niu.edu/allgraduate-thesesdissertations/5557

This Dissertation/Thesis is brought to you for free and open access by the Graduate Research & Artistry at Huskie
Commons. It has been accepted for inclusion in Graduate Research Theses & Dissertations by an authorized
administrator of Huskie Commons. For more information, please contact jschumacher@niu.edu.

ABSTRACT

THE EFFECT OF SILICON DIOXIDE AND TITANIUM DIOXIDE
NANOPARTICLES ON THE THERMAL DECOMPOSITION
CHARACTERISTICS OF MOLTEN SALTS AT ELEVATED
TEMPERATURES
Shalini Pogula, MS.
Department of Mechanical Engineering
Northern Illinois University, 2017
Dr. John Shelton, Director

Today there is a strong motivation to explore the possibility of harnessing solar thermal
energy around the world to produce electricity. Thermal energy storage (TES) is extremely
important in concentrated solar power (CSP) plants as it allows the plants to have energy
availability and dispatch ability using industrial technologies. Rankine cycle is used to determine
the efficiency of the CSP plants; the efficiency of the cycle is increased by 40% when the present
working fluid (Therminol VP-1, whose efficiency is between 10-25%) is replaced with molten
salts (a combination of 60 wt% NaNO3 and 40 wt% KNO3). Molten salts are used in CSP plants
as a TES material because of the following advantages: high specific heat capacity and high
thermal stability. Their main drawbacks are their relative poor thermophysical properties and the
instability of molten salts above 550°C. To study the effects of nanoparticles (particles between 1
and 100 nanometers in size) on the drawbacks of fluids, the fluids are doped with nanoparticles
thus obtaining the salt-based nanofluids. The present study experimentally determines the effect

of nanoparticles (silicon and titanium dioxide) on the decomposition temperature of molten salts
at elevated temperatures. Specific heat capacity is measured by using a differential scanning
calorimeter (Perkin Elmer DSC 7); the experiment work has been carried out at different
temperature range (400°C to 575°C). The size distribution of nanoparticle clusters present in the
salt at each concentration was evaluated by means of scanning electron microscopy (SEM).
Thermogravimetric analysis (TGA) was carried out to study the mass loss and activation energy
of the molten salt at elevated temperatures with varying mass concentrations of nanoparticles
(1%,5% and 9%).
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CHAPTER 1
INTRODUCTION
1.1

Background
Global development and population growth results in the requirement of unprecedented

amounts of energy. In the context of energy security, climate change, and other environmental
concerns, it is a crucial time that we must take a dramatic shift away from the use of non-renewable
energy. In the search for alternative, we must consider the overall amounts of energy that we can
easily extract from each. Solar energy is easily available throughout the world, as the sun provides
us with 120,000 Tera watts of energy per hour [1]. Using solar energy as a source to generate
electricity, the two major factors that have the maximum impact are the cost and storage of the
electricity. As sunlight is available for just limited amount of time in a day it was a major challenge
to produce the electricity in the later stages of the day.
The two most popularly known technologies using the solar energy to produce electricity
are photovoltaic (PV) and concentrated solar power (CSP). A PV cell is a semiconductor device
that converts light sun into direct current (DC). Photovoltaic cells are well known to meet low
power demand at very affordable prices especially when it comes to a stand-alone system or a
building-integrated grid-connected system [2]. On the other hand, CSP is known to be more cost
effective than PV when it comes to production of electricity on a large scale, especially with
thermal storage capabilities [2]. When this is the case, ninety percent of the current available
energy focuses on heat conversion, transmission, and storage. Thus, thermal energy storage (TES)
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systems play a key role in energy storage and the capacity of the CSP increases with the addition
of TES systems. “Affordable TES systems (used for renewable energy sources, waste heat, or
surplus energy production) can replace heat and cold production from fossil fuels, reduce
greenhouse gas emissions, and lower the need for costly peak power and heat production capacity”
[3].
1.2

Concentrated solar power
An Number of studies were carried out in places where the direct solar radiation is very

high, for example, places like southern Europe, Middle East, southern Asia and North Africa, to
know the impact of solar potential in these areas. It has been estimated that the amount of sunshine
in these types of areas when exploited in an efficient way would extract around 120 GWh of
electricity per year from a surface area of 1km2. Although the CSP technologies date back to
1970s, most of the plants have been developed in the past years. To date, “Spain (60%) and the
United States (40%) are the two largest markets for CSP technologies, and the world’s largest CSP
plant was commissioned in the USA in 2014 (Ivanpah Dry Lake, CA) [4]. The Ivanpah plant can
produce 392 MWe of electricity that can power roughly 100,000 homes.
CSP produces electricity using a conventional thermodynamics cycle (i.e. Rankine cycle).
Solar irradiation is concentrated by using mirrors/lenses onto a receiver, where the heat is collected
by a thermal energy carrier known as heat transfer fluid (HTF). The HTF is then used to generate
steam which is used to drive the turbine to produce electricity. HTF can also be stored in TES unit
and used when direct sunlight is not available. Configuration of a solar tower CSP system shown
in Fig. 1 which tracks the sun across the sky.
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Figure 1. 1: Operating principle of CSP systems [4].

1.3

Types of CSP systems

As we learned that CSP is used to concentrate the sunlight onto a small area, to
concentrate the sunlight, it uses different components, namely collectors, receiver, power blocks
and thermal storage systems.

1.3.1 Collectors
There are two types of collectors:
i.

Parabolic trough (Fig. 1.2) – It consists of a linear parabolic reflector that focuses light onto
a receiver positioned along the reflector's focal line. The receiver is a tube positioned
directly above the middle of the concave mirror and filled with a working fluid. The
reflector follows the sun during the daylight hours by tracking along a single axis.
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Figure 1. 2: Parabolic trough [5].
ii.

Enclosed trough (Fig. 1.3) – These systems are used to produce process heat. The design
encapsulates the solar thermal system within a greenhouse-like house glass. Lightweight
curved solar-reflecting mirrors are suspended from the ceiling of the glasshouse by wires.
A mono-axis tracking system positions the mirrors to retrieve the optimal amount of
sunlight.

Figure 1. 3: Enclosed trough [6].
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1.3.2 Receiver

The receivers are located near the focal point of the collector in a CSP system. The
receivers are in the shape of a tube that consists of a working fluid. The working fluid is heated
to different temperatures depending upon the type of the collectors used. For instance, when a
parabolic trough-type collector is used, then the temperature up to which the working fluid can be
heated is up to 150 ºC - 300 ºC; when a solar power tower is used, then the working fluid in the
receiver is heated to 500 ºC - 1000 ºC, and when a dish stirling or dish engine system is used, then
the working fluid is heated to 250 ºC - 700 ºC. As the working fluid flows through the receiver it
is used as a heat source for power generation system.
1.3.3 Power blocks

To achieve a continuous operation, higher operating conditions, limit the overall plant cost
and effectiveness, the CSP plants are designed with a power block. The power block typically
consists of a steam generator and a turbine (Fig. 1.4). The solar energy observed by the working
fluid in the receiver is taken to the steam generator to produce steam. The generated steam is used
to run the turbine to produce the electricity. Hence the main role of the power block is to convert
the thermal energy produced by CSP plants into electricity.
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Figure 1. 4: Power block system [7].
1.4

Thermal energy storage
We have learned above how the CSP plants use the thermal energy produced from solar

radiation to generate electricity. However, they are capable of generating electricity as long as the
sun is available. Hence, the storage of energy is one of the biggest challenges in CSP plants. It is
much easier and more cost efficient to store energy in the form of thermal energy than in the form
of electric energy. The thermal energy or heat generated is stored in a tank known as the thermal
energy storage (TES). The TES is a large thermos tank which stores the heat collected from the
sun and delivers it at the later stages of the day when the demand is maximum. Thus, TES prevails
to be the most cost effective as it integrates with any power generating plant, removing the extra
charges for storage [8]. Both TES and CSP plants go very well with each other as they deal with
the thermal energy. Sometimes the HTF-like molten salt itself can be used as TES material to get
the cost down. There is a need of additional heat exchanges in transferring the energy from the
HTF to storage material, from storage to the steam generating section. Several studies have been
carried out on TES and the different types of TES storage examples that are commonly used are
explained in detail below.
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1.4.1 Thermocline
Thermocline consists of a single tank and is basically a link between the collecting unit and
the generating unit (Fig. 1.5). The major parts that make up the thermocline is the storage tank,
fillers, heat exchangers and storage fluid. The huge tank is filled with fillers and the storage
material. There are two heat exchangers at the two ends of the tank connecting collecting unit and
generating unit. When the hot HTF is pumped through the tank containing the fillers and the
storage unit, it heats up the storage unit which charges up the thermocline. The storage material
then heats the filler by conduction and internal convection. The electricity generation system
working fluid is run through the second heat exchanger linking the storage material to the
electricity generation system to discharge the thermocline. The storage material chosen for this
investigation is a nitrate eutectic called Hitec solar salt, which will be discussed in greater detail
later. The ﬁller is generally comprised of macro-sized solid material particles. The most common
ﬁller is processed sand. The combination of the storage material and the ﬁller creates an aggregate
thermal mass able to absorb considerable quantities of thermal energy per volume [9].
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Figure 1. 5: Block Diagram of a Thermocline [10].
The thermocline basically has a huge advantage as it is very rigid and robust in design.
Because of its huge size it can hold more energy per unit volume. The size of the thermocline can
be altered as per its requirement. But on the side down, given its huge size and material it is
relatively expensive. Generally, the HTF and the storage material may or may not be the same.
But it is preferred that they are not the same since the speciﬁc heat of the storage material needs to
be higher than the HTF. The thermal conductivity plays a signiﬁcant role as it determines the heat
exchanger size needed to meet the power transfer capabilities of the TES system. The ﬁller needs
to have a high speciﬁc heat and be extremely cheap. The ﬁller is used to cut the cost of the
thermocline, as the ﬁller is generally at least an order of magnitude cheaper than the storage
material on a per-mass basis while having a similar speciﬁc heat. The standard ﬁller currently in
use is sand, due to its extremely low cost and generally inert behavior [9]. A concern in a
thermocline system is the requirement that the storage material must be in a liquid form to allow
for circulation in the thermocline. Keeping the storage material in liquid form can be problematic,
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as the most common storage materials have melting temperatures of above 180 ◦C. Therefore,
many of the thermocline systems have auxiliary heaters to maintain the storage material in its
liquid state. These heaters are frequently natural gas or electric units, so they require substantial
external energy to function, increasing the cost of thermocline operation [9].
1.4.2 Two-tank storage
As the name indicates, there are two tanks present in two-tank storage systems: one of them
cold and the other being hot. The two-tank storage system is classified into two types:
i.

Direct two-tank storage system - In these types of systems the thermal energy is directly
converted into electricity without the help of a heat exchanger.
Indirect two-tank storage system – In these types of systems we need a heat exchanger to

ii.

convert thermal energy into electricity.
In this two-tank storage the connection between the tanks has the heat exchangers linked to the
electricity generating cycle and the storage material with the HTF (Fig. 1.6). The two-tank storage
system gets charged when the cold storage material is pumped between the two tanks so it
interfaces with the HTF heat exchanger, raising the storage materials temperature. Once the storage
material is through the HTF heat exchanger, it gets pumped to the hot tank. This pumping process
continues till the complete storage material has been pumped through the HTF heat exchanger into
the hot tank. Now the system is fully charged and is operating at its maximum temperature. The
discharging process here is carried out by pumping the hot storage ﬂuid back to the cold tank
through the generation cycle heat exchanger. Here the hot storage material transfers its thermal
energy to the electricity generation cycle thereby decreasing the temperature [8, 11]. The two-tank
system has a huge downside when compared to thermoclines as they are relatively more expensive
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than the thermocline. They are much more complicated as they require pump, heat exchangers and
large quantities of the storage material. Since the ﬁllers are cheaper than the storage material, the
thermoclines are more preferred by many compared to two-tank storage. Fillers cannot be used in
the two-tank storage as they might not help enough to the pumping power and also do not work
well with the design of the two-tank storage [8, 11].

Figure 1. 6: Block diagram of two tanks [10].

1.5

Challenges of CSP
The cost factor is one of the major challenges of the CSP which can be resolved by the

0Hence, several efforts were made to find out a suitable storage material for TES which is both
inexpensive and high on thermo-physical characteristics. Recently, molten salt has caught the
attention of researchers as a potential candidate as storage material in TES, since the molten salt
can be heated up to higher temperatures and thus higher efficiency is achievable [12].
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Now days the construction of solar thermal power plants has increased rapidly. Most of them
are using the molten salt as their HTF and TES material. The currently used storage material is
the nitrate salt eutectic that consists of mixture of sodium nitrate (NaNO 3 ) 60% - potassium nitrate
(KNO 3 ) 40% by weight [13]. The nitrate salt eutectic is very stable at high temperatures up to
1050ºF (565.5°C) which allows high-energy steam to be generated at standard temperatures which
in turn increases thermodynamic efficiencies [14]. Because of its lower operating pressure the
nitrate salt eutectic is considered as the best possible option. In addition, the relatively inexpensive
salt can be stored in large tanks at atmospheric pressure, allowing:
1. Efficient storage of thermal power collected early in the day for use during peak demand
periods.
2. Increased plant capacity factor by increasing the size of the collector and receiver systems
with storage of the excess thermal energy for electricity generation in the evening.
3. Separating the turbine generator from solar energy transients.
4. Operating the turbine at its maximum efficiency [15].
The most important thing to be noticed about the nitrate molten salt is specific heat capacity,
decomposition temperature and rate of decomposition at high temperatures, which is the primary
objective of this research. The CSP plants are highly dependent on the high-temperature thermal
storage units for continuous operation. Typical storage units with mineral-oil-based storage are
stable only till 400º C. It would be of great use if this temperature range is pushed to higher
temperature limits such as 500 - 600º C. The molten salts can reach higher temperatures but it has
the following drawbacks at high temperatures. The specific heat capacity is very poor [16]. It is
2 kj/kg º C and hence may lead to dramatic increase in the size of TES [13]. Also at high
temperatures (i.e. above 700°C) the sodium nitrate tends to decompose rapidly, with an agreement
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that the final product is sodium oxide [17]. If the thermo-physical properties of nitrate molten salts
are enhanced, the CSP plants become more competitive with coal-fired power plants in near future
[18].

1.6

Significance of this study
This study revolves around the field of enhancing the specific heat capacity of nitrate

molten salts at elevated temperature, decomposition temperature and to decrease the
decomposition rate. Recently, nanofluids are gaining popularity in enhancing the thermophysical
properties; hence the method of manufacturing the molten salt and molten salt with nanoparticles
is also presented in detail. National laboratories like the Argonne National Laboratories and
Savannah National Laboratories are focusing in this field of enhancing the specific heat capacity
of the molten salt by doping nanoparticles. An increase of specific heat capacity translates into a
better heat transfer fluid as more energy is stored in the solar concentrating section, thus more
efficiency in increased steam pressure [19]. Thus, this study will be focused on addition of silicon
and titanium dioxide nanoparticles to the nitrate molten salt to enhance the specific heat capacity,
decomposition temperature and reduce decomposition rate at high temperature. This enhancement
will surely cause an impact as this is the currently used storage material and could be easily
implemented to effectively reduce the total cost and the cost of production too.
1.7

Nanofluids
Colloidal suspension of nanometer-sized particles dispersed in a solvent material is termed

a nanoﬂuid [20]. These nanoﬂuids were reported to have an anomalous enhancement of thermal
conductivity when compared with the neat solvent. Water-based nanoﬂuids were proven to have
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enhanced thermal conductivity by 30% and 60%, when doped with aluminum oxide and copper
oxide nanoparticles [20, 21]. Also, oil-based nanoﬂuids were tried with carbon nanotubes and an
amazing 161% enhancement in thermal conductivity was observed [22]. Thermal conductivity of
ethylene glycol (EG) was enhanced by 40 % when mixed with Cu nanoparticles at 0.3% by volume
[23]. The thermal conductivity of EG was enhanced by 20% when mixed with CuO nanoparticles
at 4% concentration by volume [24]. The thermal conductivity of oil (poly-alpha-oleﬁn/ PAO) was
enhanced by 150% when mixed with carbon nanotubes (CNT) at 1 % by volume [25]. Hence, the
enhancement of thermal conductivity was observed with all possible nanoﬂuids. There have been
many attempts to understand these anomalous enhancements and researchers have come up with
many theories, including Brownian motion of nanoparticles, molecular level layering of the liquid
at the liquid/particle interface, nature of heat transport in nanoparticles and nanoparticle clustering
[26, 27].
Even though the water-based or oil-based nanoﬂuids showed huge enhancements in
thermal conductivity, they were not able to enhance the other important thermo-physical property
of speciﬁc heat capacity. There were contradictory reports of speciﬁc heat being decreased by 4050% when Al2O3 were doped in Al2O3 water-based nanoﬂuid at 21.7% concentration [28]. Like
the thermal conductivity, the other important thermo-physical property, the speciﬁc heat, was also
enhanced by doping of nanoparticles. Nelson et al. [29] reported an enhancement of 50% by doping
in exfoliated graphite nanoparticles at 0.6% by weight in pure polyalphaoleﬁn. But studies on ionibased nanoﬂuids suggest that the speciﬁc heat capacity was also enhanced without compromising
on the thermo-physical properties. Banerjee and Shin [30] showed an enhancement of 14.5% in
speciﬁc heat capacity of the alkali chloride salts by doping in silica nanoparticles. Betts [10] found
20% enhanced speciﬁc heat capacity of binary nitrate salt by doping in silica nanoparticles.
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1.8

Objective of this study
The objective of this study is to investigate if the doping of silicon and titanium dioxide

nanoparticles in nitrate molten salt consisting of eutectic sodium-potassium nitrate at (60%-40%)
by weight would enhance the specific heat capacity, decomposition temperature and reduce the
rate of decomposition at elevated temperatures. As the effect of nanoparticles dispersions were to
be studied, different types and concentrations of nanoparticles were used, i.e. silicon and titanium
dioxide and 1 wt%, 5 wt% and 9 wt% (concentration of nanoparticles in base fluids). Differential
scanning calorimetry (DSC) was employed to measure the specific heat capacity of nitrate molten
salts at elevated temperatures. Thermogravimetric analysis (TGA) was employed to measure the
activation energy which in turn tells us about the decomposition temperature and rate of
decomposition. Using scanning electron microscope (SEM), structural characterization was
carried out to study the structural changes that occur to the nitrate molten salt when nanoparticles
are doped to it.
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CHAPTER 2
THEORY
2.1

Stability
The nitrate molten salts which we are using are combination of 60% and 40% sodium and

potassium nitrate. First, we will consider the stability of individual salts and then the combination
of nitrate salts. Generally, the thermal decomposition of NaNO3 can be divided into three
characteristic regions [17]:
1. Little nitrite formation, i.e. above the melting temperature (Tm) to about 450°C
2. Nitrate-nitrite equilibrium from 450°C to 700°C
3. Decomposition of the nitrite with release of nitrogen oxides above 700°C
The thermal decomposition of KNO3 is very simple as the nitrate-nitrite equilibrium is
obtained from 550°C to 790°C. In this thesis, I am concentrating in a temperature range of 300°C
to 600°C; hence, we can conclude that nitrate-nitrite equilibrium is obtained for both sodium and
potassium nitrate. The above-mentioned information is represented in Table 2.1.
TABLE 2. 1: REGIONS OF STABILITY FOR NaNO3 AND KNO3
Process

NaNO3

KNO3

Little nitrite formation

Tm to 450°C

-

Nitrate-Nitrite equilibrium

450° C to 700° C 550° C to 790° C

Decomposition of NO2- with release of NO

>700° C

-
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Now we will look at the combination of eutectic mixture when exposed to high temperature. Alkali
metal salts thermally decompose and this thermal decomposition process of nitrate salts is complex
when compared to the decomposition of other salts that may yield only a single gaseous product.
The decomposition process of alkali nitrates depends on various factors, i.e. nature of salt, the
temperature, the gas-phase composition and the experimental conditions (pressure, crucible
material, contact area with the gas phase). Decomposition of gaseous products can be continuously
removed in open-type systems or remain in the phase in a closed-loop system.
The following three mechanisms are responsible for the mass losses of alkali metal nitrate
salts with gas evolution upon heating [31-36]:
1. Nitrite formation in the melt and oxygen release
2. Alkali metal oxide formation in the melt and nitrogen or nitrogen oxides release
3. Vaporization of the nitrate salts
Alkali nitrates when heated to elevated temperatures result in their decomposition with the
formation the nitrite ion (NO ) and of oxygen as gaseous decomposition product. The thermal

2
decomposition is reversible and
is given by the following reaction:

NaNO3  NaNO2  12 O2

(1)

From equation (1), we can see that first the group 1 nitrate decomposes into group 1 nitrite with a
release of oxygen. On addition of more heat the equation (1) further decomposes into the following
equation:
NaNO2  NaO  NO2

(2)
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From equation (2), we can clearly see that the group 1 nitrite is decomposed into group 1 oxide

 

with a release of group 1 ion. Hence the equilibrium constant k eq between nitrate, nitrite and
oxygen is as follows:

keq 

NO  P
NO 

3

2

1 / 2
O2

where NO 3 , NO are the mole fractions and PO

(3)

is the partial pressure of the oxygen. From


equation (3), we notice
that the concentration of nitrate
decreases with increasing PO; i. e. the
2
2

concentration of nitrate is inversely proportional to the partial pressure of the oxygen. Therefore,
the time to reach equilibrium depends on the parameters such as the reaction direction
(decomposition or oxidation), the atmosphere and the experimental setup.
All the molecules possess some sort of energy in the form of kinetic or potential energy.
When the molecules collide, the kinetic energy in the molecules leads to a chemical reaction. The
chemical reaction takes place only when these molecules are moving fast with a proper collision
orientation, such that the kinetic energy upon collision is greater than the minimum energy barrier.
The minimum energy required for a chemical reaction to occur is called as activation energy (Ea).
The activation energy is obtained by linear fits using the Arrhenius equation:

k  Ae

 Ea
RT

where k: rate constant
A: frequency factor
T: temperature (in Kelvin)
R: universal gas constant

(4)
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E: activation energy
The activation energy can be obtained by taking the natural log on both the sides and plotting ln
(k) Vs 1/T and determine the slope as given below:

ln( k ) 

 Ea
RT

B

At isothermal temperature, the mass loss over first ~2000 seconds remains linear and we can
assume pseudo first-order kinetics. Therefore, the plot of ln( k ) Vs 1/T gives a linear plot in which
E/R is given by the slope of the fit and ln (A) is the y- intercept. The higher the E signifies slower
decomposition rates and higher kinetic stability. Hence, a nitrate molten salt with higher E is more
stable at higher temperatures.
2.2

Thermophysical Characterization
In the thermophysical characteristics we are going to look up at the specific heat capacity of

the nitrate molten salt. Specific heat capacity is defined as the amount of heat required to raise the
temperature of unit mass of a given substance. The melting points of NaNO3, KNO3 and eutectic
mixture of nitrate molten salt are 308°C, 334° C and 222°C respectively. Hence, there will be two
types of specific heat capacity: one in solid phase and the other in liquid phase, and addition of
various types of nanoparticles to the base fluid affect specific heat capacity in both the phases.
Tables 2.2 and 2.3 give the specific heat capacity of nitrate molten salt and different concentrations
of nanoparticles in it by different authors in solid and liquid phase.

TABLE 2. 2: SPECIFIC HEAT CAPACITY OF EUTECTIC MOLTEN SALT.
Reference

Specific heat capacity-solid

Specific heat capacity-

phase (J/g K)

liquid phase (J/g K)

Andreu-Cabedo [38]

-

1.48±0.09

Chieruzzi et al. [39]

1.604

1.648

Dudda and Shin [40]

1.21±0.02

1.47±0.02

Lu and Huang [41]

-

1.6

Janz et al. [42]

-

1.55

Zavoico [43]

-

1.5

AVERAGE

1.407

1.55
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TABLE 2. 3: PERCENTAGE CHANGE IN SPECIFIC HEAT CAPACITY OF
NANOPARTICLES ADDED TO EUTECTIC MOLTEN SALT.
Reference
Lu and Huang
[41]

Nanoparticles
(nm)
Al2O3 (13, 90)

Concentration
(wt%)

Cp % Change

0.9 to 4.6

-10% for 4.6wt%

Dudda and Shin
[40]

SiO2 (5, 10, 30,
60)

1

+10% (5nm),
+13% (10nm),
+21% (30nm),
+28% (60nm)

Chieruzzi et al.
[39]

SiO2 (7)

0.5 to 1.5

+19.9% (Al2O3)

Al2O3 (13)

-14.4% (TiO2)

TiO2 (20)
Andreu-Cabedo
[38]

SiO2 (12)

0.5 to 2.0

+25% for 1wt%

The DSC which we are using does not give the specific heat capacity directly. Hence, the
equation used to calculate the specific heat capacity is given by the following equation:
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C p ,sample 

Qsample  Qo mref
Qref  Qo msample

 C p ,ref

[47]

where:

C p , sample - Required specific heat capacity of nitrate molten salts
Qsample - Heat flow in the sample obtained from DSC
Qref - Heat flow in the reference pan (indium) obtained from DSC

Qo - Heat flow in the empty pan (aluminum pan) obtained from DSC
mref - Mass of the reference material in mg
msample - Mass of the sample in mg
C p ,ref - Specific heat capacity of the reference material, i. e. indium (0.23 j/kg °C)
2.3

Structural Characterization
The specific heat capacity of a material is generally related to the phase or structure of the

material. Hence, structural characterization is performed using scanning electron microspore
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(SEM) with pure molten salt and with addition of nanoparticles in it. Generally, we observe the
SEM of pure nitrate molten salt in solid phase is a smooth crystal as shown in Figure 2.1.

Figure 2. 1: SEM of pure nitrate molten salt in solid phase [43].
When silicon and titanium dioxide nanoparticles are added to the nitrate molten salt in solid
phase we can still see that the surface of molten salt is smooth and the silicon dioxide nanoparticle
is also smooth when compared to the powder-like structure of titanium dioxide nanoparticle as
shown in Figure 2.2. Agglomeration was observed in the nanofluid which could be caused due to
variations in pH during the synthesis of nanofluids, variations in concentration or temperature
cycling [44].

Figure 2. 2: SEM of 1 wt% SiO2 and TiO2 nanoparticle in molten salt [37].
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CHAPTER 3
EXPERIMENTAL SETUP
3.1

Information on the salt eutectic and nanoparticles used
The preparation of nano-engineered molten salts was meticulously carried out to prevent

agglomeration. The mixture prepared must be a homogeneous mixture. The sodium-potassium
nitrate powders used to prepare the nanoﬂuids were 99.99% pure obtained from Sigma Aldrich
Co. The titanium dioxide nanoparticles were obtained from US Research Nanomaterials, Inc.
Three diﬀerent concentrations of nanoparticles in base fluid were used, i.e. 1wt%, 5wt% and 9wt%.
A diﬀerential scanning calorimeter (DSC) was employed to measure the speciﬁc heat capacity.
Thermogravimetric analysis (TGA) was employed to measure the decomposition temperature and
rate of decomposition. The material characterization was carried out using the scanning electron
microscope (SEM) to study the phase or the structure of the material.

3.2

Nanofabrication of molten salt with nanoparticles
To mix nitrate eutectic with the titanium dioxide nanoparticles, a meticulous approach was

carried out to get a homogeneous mixture. The method followed to fabricate the base material has
three steps. The ﬁrst is the mixing, second is the sonication and the ﬁnal one is the dehydration.
The mixing is basically addition of sodium nitrate salt of 60% by weight and potassium nitrate salt
of 40% by weight composition. The titanium dioxide nanoparticles at 1%, 5% and 9% by weight
was added manually into the sample. The salts to be mixed were made ready salts as discussed
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earlier obtained from Sigma Aldrich which are 99.99% pure. The Nanoparticles were obtained
from the US Research Nanomaterials, Inc. The use of nanoparticles created several signiﬁcant
challenges in the area of sample preparation. The largest challenge stems from the small size of
the nanoparticles: cross contamination. In order to prevent cross contamination, all samples were
prepared in a cleaned glovebox, and each salt type including the nanoparticles had its own tool set,
meaning there was a steel pan and scraper used only for titanium dioxide nanoparticles and another
set used exclusively for sodium and potassium nitrates respectively. Thus, a total of 198mg of
molten salt with 2mg of titanium dioxide nanoparticles were mixed in a sample to be tested. The
weights were tested using a microbalance. This sample was stored in an empty vial and extreme
care was taken to maintain a clean environment to avoid contamination. Once the salts were mixed
with nanoparticles there was a need of solvent to mix it eﬃciently. The solvent used to mix was
deionized water. Around 1:100 ratio of deionized water was poured into the empty beaker and
mixed cleanly. The process of nanofabrication always needs to be examined and carried out
eﬃciently to avoid agglomeration since the particles at nano size have the tendency to attract
towards each other. Hence the second step of sonication was carried out. An ultrasonicator
(Branson 1800) was employed to sonicate the mixture in order to ensure excellent dispersion of
nanoparticles inside the mixture and also to avoid to the potential agglomeration of nanoparticles.
To avoid this eﬀect, the ultra-sonication process was carried out. The sample is sonicated in the
ultrasonicator for approximately 2 hrs. Once the sonication was completed, the mixture was
removed and the salt solution is dehydrated by placing it on a hot plate for 1hr. The obtained
dehydrated salt was used as the testing material for the DSC.
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3.3

Sample preparation for testing in SEM
Scanning electron microscope (SEM) was used to know the effect of nanoparticles on the

nitrate molten salt. First the nitrate salts with various nanoparticles and concentration is taken in
aluminum pan and is placed in the electric furnace for a time of 6 hours and 12 hours at four
different temperatures, i. e. 575°C, 600°C, 625°C and 650°C. Then the salts are taken from the
pan and mounted on a aluminum stage with the help of a double-sided carbon tape. This stage is
then placed on a hot plate so that the salts are in liquid form when placed on the carbon tape.
Finally, the stage is clamped with copper tape before placing it in the SEM so that the sample stage
is tightly fixed on the SEM sample holder.
3.4

Scanning Electron Microscope (SEM)
The SEM is an electron microscope that uses electrons instead of light; these electrons

interact with the atoms in the sample to produce image. The SEM has more advantages than
traditional microscope. It has large depth of field that allows to focus more of a specimen at one
time. As the SEM uses electromagnets rather than lenses, it has a high resolution of about 1nm
(Fig. 3.1).
The working principle behind SEM is “a beam of electrons is produced at the top of the
microscope by an electron gun. The electron beam follows a vertical path through the microscope,
which is held within a vacuum. The beam travels through electromagnetic fields and lenses, which
focus the beam down toward the sample” [49]. Once the beam hits the sample, electrons and Xrays are ejected from the sample. Detectors collect these X-rays, backscattered electrons, and
secondary electrons and convert them into a signal that is sent to a computer to produce the final
image [46].
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Figure 3. 1: Scanning electron microscope.
As SEM uses vacuum conditions and electrons to form an image, care has to be taken when
preparing the sample. The water present in the sample can vaporize in vacuum, so all water must
be removed from the sample. All metals are conductive and require no preparation before being
used. All non-metals need to be made conductive by covering the sample with a thin layer of
conductive material [46].
SEM images are used to find the shape and size of the nanoparticles. Sometimes, the
particle size can increase with increasing the laser energy. SEM is a powerful tool for studying
the morphology of nanoparticles.
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3.5

Sample preparation for testing in DSC
Diﬀerential scanning calorimeter (DSC of Pyris 7) was used to measure the speciﬁc heat

capacity of the testing material. A total of 4.5 grams of nitrate eutectic with nanoparticles were
prepared each time before testing it in DSC. The empty pan was ﬁrst measured using the same
microbalance. The salt prepared was loaded into the empty pan carefully. In order to ensure the
sample being loaded is free of moisture each testing material was heated to approximately 30
minutes before being loaded into the pan. The moisture-absorbed material not only gives you a
bad result but also damages the working of the machine. Hence extreme care was taken to avoid
the moisture in the samples. The sample mass ranged from 15 - 25 mg.

3.6

Differential scanning calorimeter (DSC) and testing procedure
DSC basically works on the principle of comparing the thermal energy of two samples

simultaneously. One sample is the reference (which is empty) and the other is the loaded sample.
The heat ﬂow which is recorded is the reference thermal energy input minus the sample thermal
energy input to create a single value which represents the diﬀerence in energy required to raise the
temperature of the sample and reference items by the same quantity. The method followed in this
research to get the speciﬁc heat capacity of the nanofluids is ASTME 1269-05 standards.
According to this protocol, the difference in heat flow between an empty pan (standard aluminum
pan) whose specific heat capacity at room temperature is 0.900 KJ/Kg K and a reference material
(zinc) whose specific heat capacity at room temperature is 0.387 KJ/Kg K was recorded as a
function of sample temperature from DSC. The following program was used in the DSC:
1. Hold at 400°C for 10 minutes (to eliminate presence of any moisture.)
2. Heat from 400°C to 575°C at 20°C/min
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3. Hold at 575°C for 5 min
4. Cool from 575°C to 400°C at 20°C/min
Repeat the steps from 3 to 4 two more times. Fig. 3.2 shows the graphical representation of the
DSC program

Temperature Vs Time
700

Temperature

Temperature (°C)

600
500
400
300
200
100
0
0

20

40

60

80

100

Time (minutes)

Figure 3. 2: DSC program.
3.7

Thermogravimetric analysis (TGA) and testing procedure

Thermogravimetric analysis is also known as thermal gravimetric analysis. As the name
indicate, it’s a method of thermal analysis in which changes in physical and chemical properties
of materials are measured as a function of increasing temperature or as a function of time. TGA
gives information about second-order phase transitions, vaporization, sublimation, absorption and
desorption under physical properties.

The information regarding chemical properties are

decomposition, solid-gas reaction, chemisorption and desolvation.
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The samples (<10mg) were placed in a copper pan and measured accurately using a digital
scale.

Then the sample was heated from 300°C at 10°C/min until the desired isothermal

temperatures, i.e. 575°C, 600°C, 625°C and 650°C.

Fig. 3.3 represents the graphical

representation of the TGA program at the above said isothermal temperatures.
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Figure 3. 3: TGA program.
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CHAPTER 4
RESULTS AND DISCUSSIONS
4.1

Structural characterization
To study how the nanoparticles have affected the structure of the material and rate of

decomposition it was necessary to conduct a structural characterization. The changes in structure
of the nanomaterials with enhancement compared to the pure sample were stored and analyzed.
First, the pure nanoparticles were observed under the SEM with a magnification of 10,000 and we
observe that the silicon dioxide nanoparticle has a smooth surface which is spherical in shape while
that of titanium dioxide nanoparticle has a sand-like structure which is not as spherical as silicon
dioxide nanoparticle. Then the pure molten salt and molten salt with nanoparticles which was kept
in the furnace at four different isothermal temperatures, i.e. 550°C, 575°C, 600°C and 625°C for
6 hours and 12 hours, was observed under the SEM. It was observed that the smooth surface exists
in both the cases but as the pure molten salt was kept in the furnace for a long duration of time we
can see the existence of amorphous and crystalline structures which were needle-like structure in
6 hours of time and needle-like remnants when kept for 12 hours of duration in furnace. When
silicon dioxide and titanium dioxide nanoparticle of concentration 1, 5 and 9 wt % were added to
the nitrate molten salt and observed under the SEM it was found that the smooth surface of the
molten salt does exists, and, we can clearly distinguish between the molten salt and nanoparticles.
With addition of silicon dioxide nanoparticle, we can notice the formation of nano rods while with
the addition of titanium dioxide nanoparticle we can notice the formation of
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needle-like structures. Figs. 4.1 – 4.13 show the SEM images of pure silicon dioxide nanoparticle,
titanium dioxide nanoparticle, pure molten salt and molten salt with nanoparticles looks like.

Figure 4. 1: SEM of pure silicon dioxide nanoparticle.

Figure 4. 2: SEM of pure titanium dioxide nanoparticle.
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Figure 4. 3: SEM Of Pure Molten Salt at 575°C -6 hrs and 12 hrs.

Figure 4. 4: SEM of Pure Molten Salt at 600°C-6 hrs.

Figure 4. 5: SEM of MS+SiO2 np (1 wt%) 575°C-6 hrs and 12 hrs.
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Figure 4. 6: SEM of MS+SiO2 np (1 wt%) 600° C-6 hrs and 12 hrs.

Figure 4. 7:SEM of MS+SiO2 np (5 wt%) 600° C-6 hrs and 12 hrs.

Figure 4. 8:SEM of MS+SiO2 np (9 wt%) 575° C-6 hrs and 12 hrs.
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Figure 4. 9:SEM of MS+SiO2 np (9 wt%) 600° C-6 hrs and 12 hrs.

Figure 4. 10:SEM of MS+TiO2 np (1 wt%) 575° C-6 hrs and 12 hrs.

Figure 4. 11:SEM of MS+TiO2 np (1 wt%) 600° C-6 hrs and 12 hrs.
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Figure 4. 12:SEM of MS+TiO2 np (5 wt%) 575° C-6 hrs and 12 hrs.

Figure 4. 13:SEM of MS+TiO2 np (9 wt%) 575° C-6 hrs and 12 hrs.
4.2

Activation energy from TGA
Activation energy is defined as the amount of energy required to start the decomposition

process, as the decomposition temperature is one of the most important parameters that defines the
practical operation of molten salts to use it in high temperature solar thermal applications. The
operating temperature range is directly proportional to the amount of thermal energy that the
molten salt can store. Therefore, the higher the operating temperature the higher the thermal
energy it is possible to store in the same amount of salt and the higher the operational temperature
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implies higher thermal cycle efficiency within the power block. At higher temperatures, the
molten salt tends to lose mass, which is shown in Fig. 4.14 that plots at four different isothermal
temperatures, i.e. 550°C (a), 575°C (b), 600°C (c) and 625°C (d).

(a)

(c)

(b)

(d)

Figure 4. 14: Percentage mass loss with respect to time and temperature.

The maximum temperature or stability limit is usually defined as the temperature at which
the sample has lost 3% of its initial weight [46]. This point is known as T3 and is calculated at the
starting of the mass loss; however, T3 varies depending upon the experimental methods and
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conditions such as heating rates, crucible type or atmosphere. Table 4.1 shows the percentage
change in T3 for various compositions of nanoparticles added to eutectic molten salt (Table 4.2).
TABLE 4. 1: PERCENTAGE CHANGE IN T3 FOR VARIOUS COMPOSITIONS OF
NANOPARTICLES ADDED TO EUTECTIC MOLTEN SALT.
Composition

T3 (sec) at 575°C

MS

0.00

0.00

0.00

0.00

MS + 1% SiO2

-2.29

-3.67

1.35

-1.82

MS + 1% TiO2

7.22

0.27

1.90

-1.37

MS + 5% SiO2

4.97

-0.75

-0.50

3.23

MS + 5% TiO2

-2.49

-3.00

0.99

-1.55

MS + 9% SiO2

14.56

-0.84

1.49

-0.50

MS + 9% TiO2

-7.18

-0.22

-4.02

-1.96

T3 (sec) at 600°C T3 (sec)at 625°C T3 (sec)at 675°C

TABLE 4. 2: ACTIVATION ENERGY FOR VARIOUS COMPOSITIONS OF
NANOPARTICLES ADDED TO EUTECTIC MOLTEN SALT.
Concentration
(%)

Activation Energy with SiO
nanoparticle (kj/mole) 2

Activation energy with TiO
nanoparticle (kj/mole) 2

0

153.5872

153.5872

1

159.0891

157.643

5

155.5652

164.6825

9

138.5277

132.2114
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Figure 4. 15: Graphical representation of activation energy of molten salt with nanoparticles.
4.3 Specific heat capacity results from DSC

The eutectic of NaNO3-KNO3 at 60-40% by weight was used to find the specific heat
capacity using DSC and the Fig. 4.16 shows the heat flow in the temperature range of 400°C575°C. Each sample was tested thrice to get repeatability. Earlier, Chieruzzi et al. had observed
that the specific heat capacity of pure eutectic molten salt is higher in liquid phase when
compared to solid phase. In the temperature range of 150°C-300°C in solid phase they found
that the average specific heat capacity was 1.604 J/g K while that of liquid phase was 1.648 J/g
K [42]. Dudda and Shin [43] also observed the same trend of increase; in solid phase they found
that the average specific heat capacity was 1.21 J/g K while that of liquid phase was 1.47 J/g K.
The same trend was observed in this thesis: in the temperature range of 400°C-575°C the average
specific heat capacity in liquid range was recorded as 1.71 kj/kg °C (Fig. 4.17).
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Figure 4. 16: DSC Heat Flow Curves.

Figure 4. 17: The Variation of Specific Heat Capacity with Temperature.
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CHAPTER 5
CONCLUSION
In this study, structural characterization was carried out on pure molten salt and molten salt
doped with silicon dioxide and titanium dioxide nanoparticles to study the structural changes. It
was found that special nanostructures were formed in the salt mixture. With the addition of silicon
dioxide nanoparticle to molten salt we noticed the formation of nano rods and with that of titanium
dioxide nanoparticle we noticed the formation of needle-like structures. Due to the formation of
these special nanostructures we noticed the change in time to loss 3% of mass and activation
energy. By adding 9 wt% of SiO2 np we noticed the time it takes for 3% of mass loss is increased
in non-isothermal temperature range while by adding 9 wt% of TiO2 np we noticed the time it
takes for 3% of mass loss is decreased in non-isothermal temperature range. The activation energy
is increased by 3% with addition of 1 wt% SiO2 np in isothermal temperature range while the
activation energy is increased by 7% with addition of 5 wt% TiO2 np in isothermal temperature
range. Also, the average specific heat capacity of pure molten salt in the temperature range of
400°C – 575°C was found to be 1.71 kj/kg °C.
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